ABSTRACT
INTRODUCTION
Electroencephalogram (EEG) provides very useful information on the exploration of brain activity, diagnosis of cerebral disease, causes identification of brain disorders, and so on. The analysis of EEG signal is complicated due to its nonlinear, irregular and non-stationary properties. In order to deep investigate the * Corresponding author : YangQuan.chen@usu.edu indepth characteristics of complex EEG signals, many non-linear techniques were proposed and studied. The scaling properties of fluctuations in the human electroencephalogram was studied in [1] . Hurst parameter estimation method was used for epileptic seizure detection in [2] . The nonlinear properties of EEG signals of normal persons and epileptic patients were investigated in [3] . Fractal analysis of EEG signals in the brain of epileptic rats was investigated in [4] , and the dynamics of EEG entropy was analyzed using diffusion entropy method in [5] . In this study, the multifractional property of human sleep EEG signals is investigated.The earliest detailed description of various stages of sleep was provided in [6] . Sleep is generally divided into two broad types: rapid eye movement (REM) and non-rapid eye movement (NREM) sleep. Based on the "Rechtschaffen and Kales sleep scoring manual" [7] , NREM is divided further into four stages: Stage I, Stage II, Stage III and Stage IV. The Stages III and Stage IV was combined into Stage III in "The AASM Manual for the Scoring of Sleep and Associated Events" [8] . Sleep progress in a cycle from Stage I to REM sleep, then the cycle starts over again. Stage I sleep is referred to as the first or earliest stage of sleep. This stage is characterized by low voltage, mixed frequency EEG with the highest amplitude in 2-7 Hz range [9] . Stage II is the principal sleep stage, which occupies 45% to 55% of total sleep in adults during a normal night's sleep. Stage II sleep is characterized by wave patterns sleep spindles ranging from 11 to 16 Hz, K complexes, which is a sharp negative wave followed by a slower positive one, and the absence of slow waves. Stages III sleep is referred to as deep sleep which exhibits slow brain waves. This stage contains waves with 2 Hz or slower and with the amplitudes above 75 µV . REM stage sleep contains low voltage brain waves and rapid eye movements. Most memorable dreaming occurs in the REM stage. The function of sleep includes conservation of energy, restoration of tissues and growth, thermoregulation, neural maturation and memory and learning, regulation of emotions, and so on. Many efforts have been made to explain the function of sleep using sleep EEG signals. However, the studies and the understanding of sleep EEG signals are incomplete. Motivated by improving the understanding and quantification of sleep EEG signals, the multifractional property of various sleep stages is investigated in this study.
It has been found that EEG signal is a fractional process, which can be characterized by the Hurst parameter H ∈ (0, 1) [1, 2, 10, 11] . The fractional property of the EEG signals has been studied by many researchers [3, 12, 13] . Fractional process is a generic term for a class of processes which exhibit autocorrelations with hyperbolic decay, such as long memory process, long range dependent process and self similar process [14, 15] . Fractional process with a constant Hurst parameter H ∈ (0, 1) can be used to more accurately characterize the long memory process than traditional short-range dependent stochastic processes, such as Markov, Poisson or ARMA processes [16, 17] . If 0 < H < 0.5, the time series is a negatively correlated process, or anti-persistent process. If 0.5 < H < 1, the time series is a positively correlated process. If H = 0.5, the time series is not a fractional process [14] . However, the constant Hurst parameter cannot capture the local scaling characteristic of the stochastic processes and cannot describ the the time-varying nature of the non-stationary process. So, the multifractional process with a time-varying long-memory parameter was investigated to explain the complex physical phenomena [18] . Multifractional process is the natural extension of fractional process by generalizing the constant Hurst parameter H to the case where H is indexed by a time-dependent local Hölder exponent H(t) [18] . The extension of fractional process leads to non-stationary and non-self-similar new stochastic processes, which can describe the complex behavior of non-stationary, nonlinear dynamic systems. The typical examples of local long memory time processes are multifractional Gaussian process (mGn) and multifractional Brownian motion (mBm) [18, 19] . In this research, the multifractional property of the sleep EEG signals in different sleep stages is studied using local Hölder exponent H(t), which is estimated using sliding-windowed Kettani and Gubner's Hurst estimator [20] .
The paper is organized as follows. In Section 2, the sleep EEG data for analysis are described, and the used analysis methods are also introduced. The analysis results of fractional and the multifractional properties for the sleep EEG signals in different sleep stages are provided in Section 3. The conclusion of the study are presented in Section 4.
DATA DESCRIPTION AND METHODS

Data Description
The sleep EEG data for analysis were obtained from the MIT-BIH Polysomnographic Database, a collection of recordings of multiple physiologic signals during sleep, which is in a research resource for complex physiologic signals-PhysioBank [21] . In the MIT-BIH Polysomnographic database, all 16 subjects are male, aged from 32 to 56 (mean age 43), with weights ranging from 89 to 152 kg (mean weight 119 kg). The recording time is between 2 and 7 hours. The sleep EEG signals were digitized at a sampling frequency of 250 Hz and 12 bits/sample [22] . Sleep stage was determined according to the criteria of Rechtschaffen and Kales [7] . In all the recordings from the MIT-BIH Polysomnographic database, various sleep disorders might manifest themselves through sleep disturbances in different sleep stages, since sleep is an active process involving characteristic physiological changes in the organs of the body. Almost everyone occasionally suffers from short-term sleep disorders. The most common sleep disorders include insomnia, narcolepsy and sleep apnoea. So it is not easy to find the long term sleep EEG recording without sleep disorders in the MIT-BIH Polysomnographic database. In order to clearly analyze various sleep states, the recording SLP03 was selected because that long term (30 minutes) continuous EEG signals without any sleep disorders can be obtained in this recording. One channel (C3-O1) of EEG signal in REM and NREM sleep stages was included in the recording SLP03. Annotations, which contain the sleep staging and apnea information, is also contained in the recording SLP03. Each annotation applies to the thirty seconds of the record.
Methods
In our study, the fractional property and the multifractional property of the sleep EEG signals, which was selected from the recording SLP03, are studied using constant Hurst parameters H of short term (1 minutes) sleep EEG signals and local Hölder exponent H(t) of long term (no less than 10 minutes) sleep EEG signals, respectively. The Hurst parameter H is estimated using Kettani and Gubner's Hurst estimator [20] , and the local Hölder exponent H(t) is computed using sliding-windowed Kettani and Gubner's estimator, which has good robustness and can provide accurate estimation results for multifractional processes [23, 24] . Kettani and Gubner's method is described briefly as follows. Let X 1 , X 2 , . . . , X n be a realization of a Gaussian second order selfsimilar process. The estimated Hurst parameter can be calculated by [20] 
whereρ n (k) denotes the sample autocorrelation. And then the 95% confidence interval of H is centered around the es-timateĤ n . For an fractional autoregressive moving average
And then the 95% confidence interval of d is centered around the estimated n . For sliding windowed Kettani and Gubner's method, the time series is truncated by a sliding window with constant width, and the Hurst parameter of each truncated time series is estimated using Kettani and Gubner's method. In the sleep EEG signals analysis, the window width W t = 30s was settled, since the sleep stage was signed every 30s. Many Hurst estimators, including Kettani and Gubner's Hurst estimator, were designed to be applied to stationary fGnlike signals. If the analyzed signals behave as a non-stationary fBm-like time series, these estimators cannot provide the Hurst parameter but indexes related to H with range outside the unit interval [25] . Sleep EEG signals is a non-stationary time series, so the Kettani and Gubner's Hurst estimator cannot directly be used on original sleep EEG signals. But this Hurst estimator can be applied to non-stationary sleep EEG signals after differentiation, since fGn-like series represent the increments of fBm-like processes and both the fGn-like and fBm-like signals are characterized by the same Hurst parameter by definition [25] . Therefore, the selected sleep EEG data for analysis were studied after differentiation. The analysis results of fractional and multifractional properties for sleep EEG signals during different sleep stages are provided in the next section.
DATA ANALYSIS RESULTS
Fractional Property of Sleep EEG Signals
The fractional property of EEG signals, such as scaling behavior, long range power law correlation characteristics, and fractal property, have been investigated in [2, 3, 10] . All the properties are based on the fact that the EEG signal is a fractional process, which can be characterized by the Hurst parameter H ∈ (0, 1). In this subsection the fractional property of sleep EEG signals in REM and NREM sleep stages are analyzed using Kettani and Gubner's Hurst estimator.
Sleep EEG signals in various sleep stages, which were selected from the recording SLP03, are plotted in Fig. 1 . The length of all the sleep EEG signal segments in Fig. 1 is 10 
Multifractional Property of Sleep EEG Signals
In some situations, the assumption that real-world processes exhibit a constant fractional property may not be reasonable [18] . Many recent empirical analyses for complex non-stationary, nonlinear dynamic system have offered evidence about the incapability of fractional processes with constant Hurst parameter [26, 27] . The main reason is that the constant Hurst parameter cannot capture the local scaling characteristic of the stochastic processes. So, the multifractional processes with time varying local Hölder exponent H(t) were extensively used for non-stationary, nonlinear physical processes. It is known that the sleep is a progressive changing process not a jumping process. Even in a same sleep stage, the EEG signal also exhibits different variation. That means the EEG signal is not a stationary fractional process, but a non-stationary, nonlinear dynamic process. So the constant Hurst parameter alone is not sufficient to character or quantify the dynamic sleep stages. In this subsection, local Hölder exponent H(t) is used to study the variable property of the sleep EEG signals. The difference of the 30-minute sleep EEG signal is illustrated in Fig. 2 (b) , and the estimated H(t) is plotted in Fig. 2 (c) .
The red dashed lines in Fig. 2 Figure 3 (a) illustrates the 10-minute sleep EEG signal segment. This EEG signal segment includes EEG signals in sleep Stage I (0s < t ≤ 60s), Stage II (60s < t ≤ 270s), REM sleep stage (270s < t ≤ 480s), and the stage of alternate REM and Stage I (480s < t ≤ 600s). The difference of the 10-minute sleep EEG signal segment is illustrated in Fig. 3 (b) , and the Fig. 3 (c) . The red dashed lines in Fig. 3 (c 
